Introduction
Retinal diseases are the major cause of blindness in industrialized countries and while tremendous effort is made to develop novel therapeutic strategies to rescue retinal neurons, optimal means to evaluate the effects of such treatments is still missing.
In order to understand the difficulties in retinal imaging by optical means, it is appropriate to start with a description of the retinal structure. The human retina is composed of several distinct layers of transparent neuronal, vascular and glial cells, with a thickness ranging from 150 to 300 um depending on the area of the retina, and on the retinal pathology of the subject [1] . These higly transparent layers allow the photons entering the eye to go through them before reaching the photoreceptor cells where phototransduction takes place. As a consequence, the retina structure has very low light reflectivity. Hence, every optical method to image the retina is constrained by this low light reflectivity.
Optical Coherence Tomography/Microscopy (OCT/OCM) is a well-established depth resolved imaging method in ophthalmology. The method is based on interfering a reference beam with the beam reflected by the weak variation of refractive index that occurs in the stratified structure of the retina [2, 3] . OCT is thus a technique used to monitor retinal structure alterations during clinical follow up, for example the central macular thickness. Minute changes in cell morphology which maybe present during the early stages of disease progression cannot (yet) be quantified by OCT. Various diseases of the eye are associated with characteristic morphological changes in different layers of the retina.
Analysis of individual layers of the retina is therefore becoming increasingly important with the advent of new therapeutic approaches. Thus, the development of methods that can extract and quantify such small morphological changes in retinal cells at different depth is therefore of considerable interest.
Other optical imaging techniques routinely used in ophthalmology research are wide field and linear confocal imaging coupled with adaptive optics. These techniques are employed to resolve cone cells in the fovea. This is possible because the photodetector cell assembly is highly reflective (~2%) [4, 35] .
Despite these tremendous developments in optical imaging techniques, several structures of the retina can still not be imaged in vivo [25] . On the other hand, phase imaging techniques can image transparent cells with high contrast.
However, phase imaging techniques such as differential interference contrast [19] [20] and digital holographic microscopy (DHM) [21] are limited to a transmission arrangement, preventing its applicability to in vivo retinal imaging.
Recent works proposed optical methods to observe transparent cells and microvasculature with phase contrast in animal retinas. Toco et al [7] [8] used confocal dark field imaging of microvasculature close to the optic disc thanks to an offset confocal aperture through the pupil. Three other studies reported results based on split-detector, combined with an adaptive optics scanning laser ophthalmoscope (AOSLO) [9] [10] [11] . The split-detector allows obtaining differential measurements, thus removing background and absorption terms in the image.
These approaches produced phase contrast images of ganglion cells and microvasculature in the mouse retina. Recently Rossi et al [32] showed, with the offset aperture method, high contrast images of ganglion cells in monkeys. In this latter study, however, because of the limitation in retinal illumination level due to safety concerns in humans, the obtained image contrast of ganglion cells is poor which would make their use difficult for chronic evaluation in a clinical setting. The contrast of phase objects is ultimately limited by the transpupillary illumination which produces specular light and by the relatively low frame rate of the scanning system. In another study Liu et al. [36] used an adaptive optics system combined with OCT to obtain high resolution imaging of the neuroretina.
Such a system provided enough resolution to observe single neurons and enough contrast to detect signal from the organelles of the cells. Organelles move within the soma, thus, by averaging more than 100 images over a time span of approximately 10 minutes, they showed that it was possible to obtain images of ganglion somas. Despite the great quality of the result, this imaging technique is limited by organelle motility, making the acquisition process too slow for clinical use.
Here, we present a method that circumvents the time limitation due to organelle's motility and the contrast limitation of off-axis detection methods, to provide high-resolution phase imaging of the retina. Moreover, we demonstrate that the method produces a quasi-quantitative measure of phase, which has been shown to be powerful information to evaluate cell health in addition to morphology [21] .
Our approach is based on transscleral illumination with multiple oblique directions to record dark field images of the retina, and then combine them to reconstruct a quantitative phase image. Transscleral illumination has been used for decades for diagnostic in oncology and in retinal surgery of the eye but never for cell imaging. By passing through the sclera, light produces a high angle oblique illumination of the retina which provides a larger illumination numerical aperture than the collecting aperture of the pupil [16] . This light is backscattered by the Retinal Pigment Epithelium (RPE, the deepest layer of the retina) and the choroid which produces a secondary illumination propagating through the transparent retinal layers (see fig 1) . This illumination condition by backscattering from tissue is akin to the endoscopic probe of Mertz et al [13, 14] .
The processing of two asymmetric dark field images removes the absorption and background terms of the collected beam by computing the differential phase contrast image. Knowing the illumination transfer function, and assuming a weak phase object, it is possible to recover the quantitative phase information of the sample [15] [16] [17] [18] [30] [31] . If the shape of the illumination function is known, it is still possible to reconstruct a phase profile that is proportional to the original one. Such an image is called quasi-quantitative in this work. Since backscattered light is used as an effective transmission illumination, an accurate modeling of the illumination diffusion is also required. To reach in vivo cellular resolution in the retina, one must undo the optical aberrations of the eye. Several aberration correction methods exist. A first method relies on using adaptive optics, which is the method we used here in this work [22] . A second option is to correct the aberration computationally using a guide star algorithm [23] or a sharpness based criteria algorithm [24] . The paper is organized as follows: in section 1, we introduce the method and the system. In the "ex vivo demonstration section", we first assess the quantitative phase measurement of the proposed technique in an ex vivo apparatus mimicking the apparatus used for in vivo imaging. We verified the doubling of 2D spatial resolution compared to coherent illumination using the USAF intensity test target. Next, the quasi-quantitative phase images retrieved with the ex vivo set-up are compared with those obtained from a digital holographic microscope (DHM). We also compare our phase images with reflectance confocal microscopic images to demonstrate the improvement of contrast for transparent cells. We then present experimental 3D depth resolved results of the proposed phase imaging technique using ex-vivo samples of human and pig eyes. In order to unequivocally associate the phase images with known cells, we compare phase images with fluorescent images. Finally, in the "in vivo demonstration section", we apply the technique to living human eyes, obtaining comparable results with the ex-vivo study without use of artificial pupil dilation.
Detailed description of the method
Transscleral illumination of the fundus has a higher numerical aperture than what is obtainable via illumination through the pupil. In Fourier domain, this is equivalent to a shift of the illumination towards higher spatial frequencies, meaning exciting higher spatial frequencies. In addition, oblique illumination coupled with an imaging system which captures images through the pupil, but does not collect the superficial specular reflection, produces dark field images of the fundus, thus providing a high Signal to Noise Ratio (SNR) allowing detection of the dim light reflected from the fundus deep layers. The forward scattered incoherent light by the sclera illuminates the fundus uniformly. Additionally, the use of partially coherent light gives a system's bandwidth that is twice the bandwidth obtainable with coherent light. A dark field image can be obtained with just one illumination source. Phase imaging is performed thanks to the following procedure: at least two pictures, I(α) and I(α+180) captured with two different asymmetric illumination polar angles α and α+180° are required. One can then obtain the differential phase contrast (DPC) image according to:
By combining different DPC images of the same object, it is possible to obtain a quantitative phase image of that object [15] . The illumination direction is an important parameter in the phase reconstruction process. Furthermore, we compared our phase imaging modality to reflectance confocal microscopy, using a human retina-choroid complex. This sample was prepared as shown in Fig. 2 .c, with the back illumination provided by the scattering of the RPE-choroid layers. In order to compare the images, the region was selected using blood vessels as land marks. Finally, we demonstrated depth resolved phase images on a pig retina -choroid complex (see Fig 2.c) . Here, the back illumination was also provided by the scattering of the RPE-choroid layers. Depth scanning was obtained by moving the sample axially, following z-axis. The 0.25 NA objective used in the experimental setup gives a depth of field of 8.5 µm, which allows imaging every layer of the 100 µm-thick retina. The imaged region on the retina was the area centralis [24] . Phase imaging allowed the visualization of all retinal layers which were digitally tagged to highlight the cells (Fig. 4) . (k, l) Inner / outer photoreceptors segments interface, z = 160 um. Scale bars = 50 um.
Ex-vivo demonstration
The raw images of each distinct layer have been processed in order to tag cell nuclei, and thus to quantify cell densities. The density analysis for the GCL, INL, ONL and PR layer is reported on figure 5 with blue curves. The data from the literature of pig retinal cell densities were compared to our experimental density values at the GCL [26] and the photoreceptors layer [27, 28] Magenta: density range of ganglion cells from [26] . Green: density range of cones from [27] . Dark green: density range of cones from [28] . GCL, ganglion cells layer;
INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PR, interface between the inner and outer segments of the photoreceptors.
In order to identify the retinal cells that our method is able to image, normal rat neuroretinas were immunostained to specifically detect pericytes in fluorescence.
By imaging the same region of one neuroretina with fluorescent confocal microscopy and with our experimental phase microscope, we correlated both imaging modalities. The fluorescent images were acquired with a 0.8 NA objective, and the phase images were generated using a 0.4 NA objective (yielding a comparable resolution with effective NA of 0.8). The correlation image analysis demonstrates that the phase imaging method allows the detection of pericytes around retinal capillaries (Fig. 6 ). 
In-vivo demonstration
For the in vivo demonstration, the angled illumination on the retina is produced by two laser diode beams illuminating the sclera successively on the temporal side of the iris and the nasal side of the iris, at a 15 mm distance from the pupil center (see In-vivo phase images were acquired on a healthy volunteer (see supplementary materials for ethical approval details) with a non-mydriatic pupil of 4 to 6 mm diameter, in dark room conditions. Fig 8a shows the eye fundus of the which was then observed with our experimental in vivo phase imaging device (Fig. 8 b-g ). The processed images from one illumination point show the nerve fiber layer (Fig. 8b, e) , and the RPE layer (Fig. 8d, g ) acquired with a shift of 210 µm deeper than the NFL, . Thanks to oblique illumination, the RPE layer appears well contrasted avoiding the Stiles-Crawford effect [38] that occurs in standard transpupillary illumination [37] . We attribute the high RPE contrast to the oblique illumination which is highly transmitted through the photodetector layer and, at the same time, the boundaries of the RPE cells diffuse light which is collected by the pupil. Fig. 9 shows the in-vivo RPE cells at different excentricity from the fovea. The graphs on the right in Fig 9. show the RPE density density and area. These values are comparable to previously reported values [6] , as well as the row to row spacing extracted from the Fourier analysis, shown in Fig. 10 . Fig 11 shows 
Discussion
The present study reports a new microscopic concept and instrument for in vivo phase imaging of all the retinal layers with high contrast and cellular resolution.
We first validated our phase imaging method ex vivo through the observations of human, rat and pig retinas, performing cell density measurements and correlative image analysis with digital holography microscopy and with confocal microscopy. Finally, during in vivo examination of one healthy volunteer using only two transscleral illumination beams, we demonstrated the feasibility to image the retinal cells within seconds, from inner layer up to the deeper RPE cells layer without pupil dilation.
This novel method takes advantage of the relative transparency of the sclera and choroid/ RPE complex, which allows 30% of light transmission to the retina.
Since the angle of illumination is larger than the maximum angle of the offset aperture, it provides higher contrast of the phase objects into the retina, subsequently improving the contrast of the dark field image. Moreover, the use of oblique flood illumination provides a dark field condition, which enables fast single shot full-field image acquisition that does not depend on biological processes [6, 36] .
Importantly, this illumination system presents the advantage to reduce the light power into the eye as compared to existing technology. Indeed, assuming that 30% of the incoming beam on the sclera is transmitted inside the eye and the transscleral light scatters only on the posterior globe of the eye, an energy of 36 µJ/cm2 is required for taking a picture at a given depth. This energy is comparable to the one required for AO flood transpupillary illumination [39] . one en face view. In our study, we took advantage of recording single-shot 4 megapixels image. Hundred images were averaged to obtain a dark field image.
Contrast of the transparent cells is increased because of the dark field configuration: the specular reflected light is not collected by the imaging system.
Because the imaging system is full field, blocking stray light is essential in obtaining a good signal to noise.
Finally, this single shot camera system is robust against noise and eye motions compared to scanning systems such as OCT.
Conclusion
In summary, we demonstrated that our phase imaging device is able to provide cell contrast in transparent cells into the retina via a phase to intensity mapping resulting from the oblique trans-scleral illumination.
The full field imaging non-scanning technique combined with transscleral illumination establishes an imaging modality that is several orders of magnitude faster than OCT techniques applied to weak reflecting cells. This is due to the use of the scattered light from the back of the eye which is much more reflective than the transparent cells. The speed of the eye examination is crucial since patients having retinal diseases cannot maintain their eye stable for more than 30 seconds.
Our modality is expected to show promises for clinical use because it is potentially, to our knowledge, the only technique fast enough to image the retina with high contrast and cellular resolution. This imaging method could be 
Material and Methods

Retinal sample preparation
Retina-Choroid complexes flat-mounting
The human eye sample was obtained from the eye bank of Jules-Gonin eye hospital, in conformity with the Swiss Federal law on the transplantation. It was collected for research purpose at 10 hours post mortem, fixed in 4% paraformaldehyde solution (PFA) for 24H, and then stored in 1% PFA at +4°C until analyzes.
Pig eyes were obtained from a local slaughterhouse, a few hours after the death, the eyes were fixed in 4% PFA for 24, and then stored in phosphate-buffered saline (PBS) h at +4°C for one day before mounting.
After washing in PBS, the anterior segment of the eyes and the vitreous were removed. The retina-choroid complexes were detached from the remaining posterior segments, and flat-mounted in a solution of PBS -glycerol (1:1).
Human retina-choroid complexes were observed with a confocal microscope (Zeiss LSM710). Human and pig samples were observed with our experimental phase microscope (described in Fig 2d) .
Cryosectioning
One pig eye was kept for cryosectioning. After fixation and microdissection, the posterior segment of the eye was snap-frozen prior to frozen sectioning on a microtome-cryostat. Frontal 10 um-thick sections were prepared and mounted on a glass coverslip. These sections were imaged with a digital holographic microscope (DHM) [43] and then with our phase microscope.
Immunohistochemistry on neuroretinas
Two three-month-old pigmented rats from the animal facility of Jules-Gonin eye hospital were used. Investigations were performed in accordance of the ARVO statement for the Use of Animals in Ophthalmic Vision Research. The study was approved by the cantonal veterinary office (Authorization VD2928).
Normal retinal morphology was confirmed in vivo, under ketamine / xylasine (80mg/kg / 8 mg/kg) anesthesia and after dilation, using a spectral domain OCT system adapted for rat eyes (Bioptigen). Animals were sacrificed by pentobarbital injection. After enucleation and fixation of whole eyes 2 hours in 4% PFA, anterior segments were discarded and neuroretinas were carefully 
Study on human subjects
The single center study aiming at validating the performances of our phase imaging device adheres to the tenets of the Declaration of Helsinki. The protocol involving healthy human subjects was approved by the local Ethics Committee of the Swiss Department of Health on research involving human subjects (CER-VD N°2017-00976). The present study reports the examination of one 49-year-old male subject, presenting with healthy retina.
Safety consideration.
A safety analysis of the complete in vivo device, including the illumination arm and the optical setup, was carried out. This analysis was approved by an external expert in safety standard for ophthalmic devices. All the doses sent to the eye are safe according to both the European ICNIRP standard [44, 45] and American ANSI standard [46] . sharpest images are selected to be averaged. Before averaging, the images are aligned in order to correct for the eye motion thanks to the ImageJ plugin TurboReg that takes into account the translations and the rotations of the image [42] . Once the images are aligned they are averaged and normalized. Two averaged images, one from left illumination and one from right illumination, are subtracted. A manual shift is performed in order to compute correctly the DPC image. Next, the reconstruction process of the phase is performed [15, 16] .
